The mesencephalic astrocyte-derived neurotrophic factor (MANF) belongs to a recently discovered family of neurotrophic factors. MANF can be secreted but is generally resident within the endoplasmic reticulum (ER) in neuronal and non-neuronal cells, where it is involved in the ER stress response with pro-survival effects. Here we report the discovery of the MANF homolog SDMANF in the sponge Suberites domuncula. The basal positioning of sponges (phylum Porifera) in the animal tree of life offers a unique vantage point on the early evolution of the metazoan-specific genetic toolkit and molecular pathways. Since sponges lack a conventional nervous system, SDMANF presents an enticing opportunity to investigate the evolutionary ancient role of these neurotrophic factors. SDMANF shares considerable sequence similarity with its metazoan homologs. It also comprises a putative protein binding domain with sequence similarities to the Bcl-2 family of apoptotic regulators. In Suberites, SDMANF is expressed in the vicinity of bacteriocytes, where it co-localizes with the toll-like receptor SDTLR. In transfected human cells, SDMANF was detected in both the organelle protein fraction and the cell culture medium. The intracellular SDMANF protein level was up-regulated in response to both a Golgi/ER transport inhibitor and bacterial lipopolysaccharides (LPS). Upon LPS challenge, transfected cells revealed a decreased caspase-3 activity and increased cell viability with no inducible Bax expression compared to the wild type. These results suggest a deep evolutionary original cytoprotective role of MANF, at the crossroads of innate immune and apoptotic pathways, of which a neurotrophic function might have arisen later in metazoan evolution.
Introduction
Neurotrophic factors are growth factors with key regulatory function in various processes such as development, differentiation, and apoptosis of neurons and associated cells. In vertebrates, several structurally and functionally related neurotrophic factors have been well characterized and grouped into a common family termed neurotrophins, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3, and -4/5 [1] . However, neurotrophic signaling does not only occur in vertebrates but several protein homologs of neutrophins and their receptors have already been discovered in hemichordate [2] , echinoderm [2] , ecdysozoan (insects [3] ; crustaceans [4] ), and lophotrochozoan species (mollusks [5] ; annelids [6] ). In contrast, in early branching Metazoa no such homologs have been identified, although a neuronal system is present in Cnidaria [7] ; and even for Placozoa (Trichoplax) and Porifera (sponges), with their simple body plan, their limited number of cell types and lack of conventional tissues, structural and molecular evidence has been gathered for some kind of neuronal-like signaling and a (pre-)nervous system [8, 9] .
With the mesencephalic astrocyte-derived neurotrophic factor (MANF; also known as ARMET [arginine-rich, mutated in early stage tumors]) and its paralog, the cerebral dopamine neurotrophic factor (CDNF), a novel family of neurotrophic factors was previously discovered that is structurally and functionally unrelated to classical neurotrophins [10, 11] . In contrast to these neurotrophins, both proteins reside mostly in the ER and Golgi complex and only a small portion is secreted [12, 13] . MANF and CDNF are expressed in a wide range of neuronal and non-neuronal tissue types in both embryonic and adult organisms [14] . Both proteins promote cell survival, possibly by inhibiting ER stress-induced apoptotic pathways [12, 15, 16] . This type of cell death is generally associated with neurodegenerative, neurode-velopmental, and other disorders and is usually caused by accumulation of unfolded/misfolded proteins within the ER lumen that, then, trigger a compensatory mechanism, the unfolded protein response (UPR). During UPR, translation of unfolded proteins is blocked (whereas that of ER chaperons and MANF is up-regulated [14] ), correct protein refolding is facilitated by chaperones, and degradation of unfolded/ misfolded proteins is stimulated, all of which aim to restore cell and protein homeostasis. Nevertheless, severe and prolonged ER stress that exceeds the protective capacity of UPR ultimately induces apoptotic pathways. These involve activation of the proapoptotic Bcl-2 protein Bax (Bcl-2 associated X protein) as well as subsequent Bax-mediated release of Ca 2+ from the ER and activation of caspases [17] .
The mode of action of MANF and CDNF within these pathways remains enigmatic so far, but Ca 2+ -dependent binding of MANF to the ER-resident chaperon GRP78/BiP (glucose-regulated protein 78 kDa/ binding immunoglobulin protein) has been described [18] , which provides access to the UPR: Upon ER stress, misfolded proteins compete with the transmembrane proteins PERK (protein kinase RNA-like ER kinase) and ATF6 (activating transcription factor 6) for binding to GRP78/BiP. The subsequent release of GRP78/BiP activates PERK, ATF6, and consequently UPR [17] . How interaction with GRP78/BiP by MANF and CDNF affects this signaling pathway and promotes cell survival is unknown. Interestingly, ER stress enhances not only expression but also secretion of MANF [18, 19] . A second function of MANF and CDNF has been hypothesized from the structural homology of their C-terminal domain to the C-terminal SAP (SAF-A/B, Acinus, PIAS) domain of Ku70 (Lupus Ku autoantigen protein p70): By binding Bax via a region within its SAP domain, Ku70 blocks Bax-dependent apoptosis [20] . Similarly, the C-terminal domain of MANF, which is structurally-related to the SAP domain, protects from Bax-mediated cell death [21] . However, direct interaction between Bax and MANF has not been confirmed to date. In view of this background, a considerable therapeutic potential of MANF and CDNF might be expected and, indeed, both proteins revealed protective and restorative effects in animal models of e. g., Parkinson's disease and myocardial ischemia [12] [13] [14] . Whereas CDNF is a vertebrate specific paralog of MANF, MANF homologs were identified not only in vertebrates but also predicted in invertebrates in the frame of several sequencing projects. However, analyses of sequence and function of invertebrate MANF were only conducted for Armet of the pea aphid Acrythosiphon pisum and DmMANF of the fruit fly Drosophila melanogaster. The aphid homolog is a secreted protein that modulates the hosting plant's defense mechanisms as part of the parasite-plant interaction [22] . On the other hand and similar to its vertebrate homolog, DmMANF is expressed in different cell types, both neuronal and non-neuronal, with evolutionary conserved neuroprotective and pro-survival properties [23, 24] .
Despite the phenotypic simplicity of sponges, the poriferan genome displays an amazing complexity with a comprehensive set of genes characteristic of metazoan multicellularity [25, 26] . Current reconstruction of metazoan phylogeny robustly places the Porifera at the root of the animal tree of life, as a monophyletic sister group to all other Metazoa [27] . This basal positioning provides a unique vantage point on the early evolution of typical metazoan mechanisms, including those involved in adhesion [28] , differentiation [29] , and death of cells [30, 31] , as well as in innate immunity [32, 33] and sensory systems [34] . In the human system, dysregulation of these mechanisms causes disorders such as cancer and neurodegenerative or autoimmune diseases. Since the evolutionary emergence of many genes associated with diseases and innate immunity has been recognized before the bilaterian radiation, it is tempting to employ non-bilaterian animal models to assess the evolutionary ancient role of these genes, which in turn might inspire future biomedical strategies [35] .
Here we report the discovery and functional characterization of a MANF homolog from the demosponge Suberites domuncula, a representative of the ancestral-like clade Porifera. SDMANF shows significant sequence homologies (including domain structure and signal sequences) to other metazoan MANF homologs, particularly to those of Deuterostomia. In addition, a protein domain was identified with considerable sequence homology to members of the pro-and antiapoptotic Bcl-2 protein family. In sponge tissue, SDMANF expression is detected in particular around bacteriocytes (specialized sponge cells that harbor bacterial cells), where it markedly co-localizes with the poriferan toll-like receptor SDTLR. Toll-like receptors (TLRs) are key components of the innate immune system: Upon recognition of conserved pathogen-associated molecular patterns, such as endotoxins (i.e., bacterial cell surface lipopolysaccharides; LPS), TLRs trigger defense mechanisms that oppose the foreign invaders and often involve downstream modulation of the conserved emergency rescue pathways of UPR or apoptosis [36] [37] [38] . In complementary studies, SDMANF was expressed in stably transfected HEK 293 cells. In this heterologous system, SDMANF was detected in both the organelle (including Golgi) protein fraction of transfected cells and their cell culture medium, indicating an access of the protein to secretory pathways. Moreover, the intracellular SDMANF protein level was up-regulated in response to treatment of the transfected cells with the Golgi/ER transport inhibitor brefeldin A (BFA). Similarly, the SDMANF protein level was upregulated upon incubation of the transfected cells with LPS in a timeand concentration-dependent manner. Concurrently, whereas in nontransfected wild type cells LPS up-regulated BAX, enhanced caspase activity, and reduced cell viability, in SDMANF-transfected cells the endotoxin had no effect on BAX and affected cell viability and caspase-3 activity to a considerably lesser degree. Taken together, these results suggest an evolutionary ancient regulatory role of poriferan MANF at the crossroads of apoptotic and innate immunity pathways, of which a neurotrophic function might have arisen later in metazoan evolution with the emergence of a conventional neural system.
Materials and methods

Cloning of the S. domuncula MANF protein and sequence analyses
cDNA of SDMANF was isolated from a S. domuncula cDNA Library [33] with the degenerate primer 5′-A/TG/CI G/ATI GAT/C C/TTG/A AAG AAG IT-3′ (where I=inosine) that had been designed against a stretch of conserved aa (NH 2 
within the ARMET domain of MANF homologs (Pfam accession number PF10208). In combination with a library specific primer, polymerase chain reaction (PCR) was carried out, comprising an initial denaturation step at 95°C for 5 min, followed by 35 amplification cycles at 95°C for 25 s, 54°C for 45 s, and 74°C for 1 min, and terminated with a final elongation step at 74°C for 10 min. The fragment thus obtained, with a size of ≈200 bp, was sequenced by means of an automatic DNA sequenator (Li-Cor 4300). Ultimately, the SDMANF sequence was completed through primer walking. Homology searches were conducted via the server at the National Center for Biotechnology Information (NCBI, Bethesda, MD, USA (http://www.ncbi.nlm.nih. gov/BLAST/)). Phylogenetic and molecular evolutionary analyses were carried out using ClustalW version 1.6 as well as the phylogeny.fr server (http://www.phylogeny.fr/alacarte.cgi). For neighbor-joining (NJ) analyses the degree of support for internal branches was assessed by bootstrapping. The graphical output of the bootstrap figures was produced through TreeView, while further graphic presentations were prepared with GeneDoc. Potential domains, functional sites, and signal sequences were predicted after searching the databases of SMART (http://smart.embl-heidelberg.de/index2.cgi), EXPASY (http://www. expasy.org/), and SignalP 4.1 (http://www.cbs.dtu.dk/services/ SignalP/).
Preparation of recombinant SDMANF and anti-SDMANF antiserum
A combination of S. domuncula cDNA, forward primer 5′-GGG GAC D. Sereno et al.
Biochemistry and Biophysics Reports 11 (2017) [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] AAG TTT GTA CAA AAA AGC AGG CTT AAT GTC CTT CAG TAA GCC T-3′ and reverse primer 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA TTA AAG TTC TAC ATG TTG-3′ (attB1 and attB2 extensions for integration into the entry vector pDONR 221 are underlined respectively) was employed to amplify by PCR a SDMANF fragment (nt ). Upon recombination of the resulting entry construct and the destination vector pDEST17 according to the manufacturer's specifications (Life Technologies, Darmstadt, Germany), an expression clone was obtained. Alternatively, a combination of cDNA, forward primer 5′-ATG GAG CTA AAG GTG TTA-3′ and reverse primer 5′-AAG TTC TAC ATG TTG ATG CT-3′ was used for amplification by PCR of the complete SDMANF ORF (nt , excluding the stop codon). The amplicon, then, was inserted into the bacterial expression vector pTrcHis2 (Life Technologies). Following transformation of chemically competent One Shot BL21-AI or TOP10 Escherichia coli cells, the recombinant proteins with their vector-encoded N-terminal (pDEST17) or C-terminal (pTrcHis2) 6x His-tag were extracted and purified by immobilized metal affinity chromatography (IMAC), using the Profinia protein purification system (Bio-Rad, München, Germany) with a nickel-nitrilotriacetic acid (Ni-NTA) column. Protein concentrations were determined by the Pierce 660 nm Protein Assay Reagent kit (Thermo Fisher Scientific, Schwerte, Germany). Protein expression and purification were confirmed through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After transfer on membranes (Life Technologies), recombinant SDMANF was immunodetected colorimetrically by incubation with anti-histidine primary antibodies (Life Technologies), followed by successive incubation with alkaline phosphatase-conjugated species-specific secondary antibodies (SigmaAldrich, Taufkirchen, Germany) and 4-nitro blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Roche Diagnostics, Mannheim, Germany). Ultimately, purified SDMANF (12 mg/injection, containing Freud's adjuvant) was used to raise polyclonal antibodies (pAbs) in female White New Zealand rabbits as described [34] . Recombinant SDTLR was expressed according to [33] and used to raise pAbs in female Balbc/An mice as described [39] .
Immunohistological and electron microscopic analysis of S. domuncula tissue
Specimens of the marine sponge S. domuncula (Demospongiae, Hadromerida) were collected near Rovinj (Croatia) in the northern Adriatic Sea and then kept in aquaria in Mainz (Germany) at 17°C. Sponge tissue was fixed in 4% (w/v) paraformaldehyde, embedded in Technovit 8100, and sectioned. Subsequently, unspecific binding was blocked with 2% (v/v) gelatin from cold water fish skin and 2% (v/v) goat serum. The sections then were incubated with pre-immune serum or primary antibodies against SDMANF (rabbit anti-SDMANF; 1:100 dilution) or S. domuncula TLR, (murine anti-SDTLR; 1:250), followed by an incubation with species-specific secondary antibodies, labeled with Alexa Fluor 488 (Life Technologies) or Cy3 (Dianova, Hamburg, Germany). Nuclei were counterstained by using Vectashield mounting medium with DAPI (4′,6-diamidino-2-phenylindole; Linaris, Wertheim, Germany). Then, the samples were inspected by a Zeiss 710 confocal laser scanning microscope (cLSM; Zeiss, Göttingen, Germany), using the excitation lines of a diode laser (405 nm), argon laser (488 nm), and helium/neon laser (543 nm). For complementary electron microscopic analyses, S. domuncula tissue samples were incubated in 0.2 M phosphate buffer (pH 7.4) containing 2.5% (v/v) glutaraldehyde and 0.82% (w/v) NaCl for 2 h at room temperature (RT). After washing in 0.2 M phosphate buffer (containing 1.75% (w/v) NaCl), the samples were placed in a solution of 2% (w/v) osmium tetroxide, 1% (w/v) NaCl, and 1.25% (w/v) NaHCO 3 (pH 7.4) for 1 h (RT). Following further washing steps and dehydration in ethanol, the samples were embedded in Araldite and sectioned (Reichert Ultracut E; Leica Microsystems, Wetzlar, Germany). Ultimately, the slices (100 nm) were transferred onto coated copper grids and analyzed with a Tecnai 12 transmission electron microscope, with BioTWIN lens and LaB 6 filament, operating at 120 kV (FEI, Eindhoven, Netherlands).
Vector constructs and transfections
The complete ORF of SDMANF, including the Kozak translation initiation sequence with an ATG initiation codon and excluding the first stop codon, was amplified using the forward primer 5′-G GGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ACC ATG GAG CTA AAG GTG TTA-3′ and the reverse primer 5′-G GGG ACC ACT TTG TAC AAG AAA GCT GGG TAA AGT TCT ACA TGT TGA TG-3′ (attB1 and attB2 extensions for integration into the entry vector pDONR 221 are underlined respectively). The entry construct was combined with the eukaryotic expression vector pCDNA 6.2/cTC-tag-DEST for Gateway cloning (Life Technologies), to yield ultimately a recombinant protein with a C-terminal tetracysteine tag (TC tag, for fluorescence labeling/ protein detection) and V5 epitope (for immunodetection).
Stably transfected HEK-293 hTLR4/MD2/CD14 cells (InvivoGen, Toulouse, France) were cultivated in Dulbecco's Modified Eagle Medium (DMEM; high glucose and L-glutamine; Merck Millipore, Darmstadt, Germany) with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific). For downstream fluorescence analyses, the medium was exchanged shortly before with FluoroBrite DMEM (high glucose, 3.7 g/L NaHCO 3 ; Thermo Fisher Scientific) that reduces background fluorescence. Cell counting was performed using the automated cell counter Scepter 2.0 (Merck Millipore). On the eve of transfection, cells were seeded to approximately 80-90% confluency on the next day. Then, cells were transfected with 2.5 μg DNA (SDMANF vector construct or empty vector) per well of a 6-wells plates using the Lipofectamin 2000 transfection reagent (Thermo Fisher Scientific). SDMANF expression was assessed fluorescence microscopically in live cells and immunologically on Western blots. For the former analyses, the FlAsH-EDT 2 labeling reagent of the TC-FlAsH II In-cell tetracysteine tag detection kit was employed, according to the manufacturer's protocol (Thermo Fisher Scientific). FlAsH-EDT 2 is membrane-permeable and becomes fluorescent upon binding to tetracysteine (TC)-tagged proteins (Ex 508 nm /Em 528 nm ). Upon addition of FlAsH-EDT 2 to the medium, cells were inspected with an EVOS fl fluorescence microscope, using the GFP light cube (AMG, Mill Creek, USA). For the latter analyses, (i) total protein extracts were obtained by cell lysis on ice in M-PER lysis buffer (Thermo Fisher Scientific) or (ii) to assess the presence of secreted SDMANF in the culture medium, an aliquot of the medium was dried by lyophilization and resuspended in SDS sample buffer, or (iii) to determine the subcellular localization of SDMANF in transfected cells, proteins were extracted with the ProteoExtract Subcellular Proteome Extraction Kit according to the manufacturer's specifications (Merck Millipore, Darmstadt, Germany), yielding four protein fractions (cytoskeletal, nucleic, membrane/organelle, cytosolic). In all approaches, 30 µg of extracted proteins were subjected to electrophoresis through 12% NuPAGE Bis-Tris gels. Following electroblotting, recombinant and tagged SDMANF was probed for with alkaline phosphatase-conjugated anti-V5 antibodies (1:1.000 dilution). Immune complexes were visualized with the chromogenic alkaline phosphatase substrate NBT/BCIP.
Cell treatment with stressors and cell assays
To assess the effect of SDMANF expression on transfected cells, HEK-293 cells (stably transfected, mock transfected, and non-transfected wild type) were exposed to 0.1 or 1.0 µg/ml lipopolysaccharides (LPS; Sigma-Aldrich) or 5 µg/ml BFA for the indicated time. These samples were used for the subsequent downstream assays.
For analysis of protein expression, 3×10 6 cells were cultivated overnight in cell culture flasks. Following treatment with the different stressors, proteins were extracted, size-separated, and blotted onto membranes (see above). On these Western blots, SDMANF, BAX, and α-tubulin were probed for with respectively anti-V5 
Statistics
To determine the statistical significance of differences between groups, one-way analysis of variance (ANOVA) was conducted in conjunction with a post-hoc Tukey's HSD test. Differences with P < 0.05 were considered significant.
Results
Cloning and characterization of the poriferan MANF homolog SDMANF
SDMANF cDNA was isolated of a S. domuncula cDNA library by PCR with a degenerate primer, which was directed against a conserved region within the ARMET domain of MANF homologs, and subsequent primer walking. The complete SDMANF sequence (516 nt) was extracted of total sponge cDNA by using primers directed against regions comprising Met start and the first stop codon. The deduced protein was termed SDMANF and consists of 172 aa with an expected size of 19,745 Da. SDMANF shows significant sequence similarity to vertebrate MANF sequences such as the human mesencephalic astrocyte-derived neurotrophic factor (with 182 aa, an expect value [E value] of 1e-54 and 50/65% identical/similar aa), the predicted mesencephalic astrocyte-derived neurotrophic factor of Anolis carolinensis (180 aa; 2e-53; 49/66%) or the Armet protein of Xenopus laevis (180 aa; 6e-54; 54/ 68%). To MANF-like proteins of invertebrates the sequence homology was considerably lower e. g., to DmMANF of D. melanogaster (173 aa; 2e-42; 41/63%) or the hypothetical MANF protein CBG13529 of Caenorhabditis briggsae (169 aa; 5e-39; 36/60%). Moreover, based on whole genome shotgun sequences of Amphimedon queenslandica (like S. domuncula of the demosponge class), NCBI's automated computational analysis has predicted the MANF-like protein XP_003389510 (UniProtKB accession number I1F6M8) with 165 aa and 49/66% identical/similar aa compared to SDMANF. Similar to all other MANF homologs, SDMANF has the characteristic and confidently predicted ARMET domain (E value, 2.6e-59; Pfam accession number PF10208) that embraces most of the protein sequence (aa ). From the most conserved regions within the ARMET domain of (predicted) metazoan MANF sequences, the following two conserved consensus patterns can be deduced: An N-terminal pattern NH 2 [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] of the SDMANF sequence) and a C-terminal pattern [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] ). Also, the poriferan sequence comprises the characteristic eight conserved cysteine residues and their conserved spacing, within the context of ), with one exception marked in bold. Whereas the majority of metazoan sequences, including poriferan SDMANF, adhere to this pattern without exception, a few sequences lack the first cysteine residue, such as MANF of Myotis brandtii (EPQ17481.1).
Furthermore, SDMANF features a region within the ARMET domain (termed MANF/Bcl-2 homology domain [MBHD]; aa ) that displays sequence homology to pro-and antiapoptotic members of the Bcl-2 family (Fig. 1A) , e. g. to human BAX1 (11/33%), salmon Bax (13/ 36%), Drosophila Buffy (16/30%), or Suberites Bcl-2 homology protein BHP2 (13/30%). Not only poriferan MANF but also MANF proteins of other species display this region, which C-terminally overlaps with the conserved BH2 domain of Bcl-2 proteins (aa 145-156 of SDMANF; Fig. 1B) . Indeed, all these MANF proteins (including SDMANF) fit the motif signature of the BH2 domain (PROSITE PS01258), NH 2 -W-
with three exceptions (marked in bold), where the poriferan sequence is concerned.
Moreover, a cleavable N-terminal signal sequence (aa [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) has been predicted in SDMANF according to [40] , with high homology to the signal sequence of murine ephrin type-A receptor 3 (P29319.1) (40/ 54%) and other proteins. A similar signal sequence is present in human MANF. It has been proposed to direct the nascent protein to the ER, thus providing access to secretory pathways [41] .
Finally, SDMANF displays a C-terminal variation of the NH 2 -[R,P,K,Q,H]-[T,A,S,R,P,V]-[D,E]-L-COOH pattern (with two exceptions, marked in bold) that is present in all MANF sequences. This pattern itself is a variation of the canonical ER retention signal sequence "KDEL", and like KDEL it facilitates binding of human MANF to KDEL receptors (KDELR) [42] . However, unlike the usually restricted localization of KDELR-bound proteins in ER and Golgi, KDELR-bound MANF has been detected not only in the ER but also on cell surfaces in a secretory response to ER stress [42] .
To determine the phylogenetic relationship of MANF proteins, molecular phylogenetic analyses were carried out by NJ methods, including more than forty sequences of both known and predicted MANF homologs, all of which were found to be exclusively of metazoan origin. To root the resulting phylogenetic tree, two distantly related hypothetical proteins bearing an ARMET-like domain of the algae Emiliania huxleyi and Ectocarpus siliculosus were used as outgroup. The rooted tree revealed two monophyletic clades (Fig. 1C) . The first clade comprised the Ecdysozoa group (representing the well-supported lineages of Nematoda, Crustacea, and Hexapoda) that was positioned as the sister group to the second clade, in which the poriferan SDMANF protein was placed unambiguously at its basis. This second clade comprised deuterostomian MANF sequences with strong support at almost all key nodes and a topology, whose general features were in line with previous studies [43] [44] [45] , clearly resolving amphibian, reptilian, avian and other lineages. These phylogenetic analyses revealed that poriferan MANF shares a common ancestor with the (predicted) MANF homologs of invertebrate and vertebrate origin.
Expression and localization of SDMANF within S. domuncula tissue
To investigate expression and cellular localization of SDMANF in sponge tissue via an immunodetection approach, SDMANF pAbs were required. For this purpose, SDMANF was first expressed in a bacterial system as a 6xHis-tagged fusion protein that, then, was purified and used to raise polyclonal antibodies (anti-SDMANF pAbs). On Western blots, the anti-SDMANF pAbs detected a band in all extracts of sizeseparated (SDS-PAGE) and blotted total proteins of eight different S. domuncula specimens with a slightly lower molecular weight (≈17 kDa) than expected (≈20 kDa), which might be indicative of a proteolytic cleavage of the putative signal sequence or anomalous protein migration (Fig. 2) . Subsequently, S. domuncula tissue sections were successively treated with the pAbs and species-specific Alexa Fluor 488-conjugated secondary antibodies. Moreover, to assess a potential co-localization of MANF with the only known poriferan toll-like (caption on next page) 11 (2017) [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] receptor SDTLR [33] , the slices were successively incubated with murine anti-SDTLR and species-specific Cy3-conjugated secondary antibodies. Finally, cell nuclei were counterstained with DAPI. The resulting fluorescence signals were then detected via cLSM. For illustration purposes, single channels were extracted from the merged pictures with the Zeiss software "ZEN". Fig. 3 A-D represents the overall staining intensity of sponge tissue, labeled for pro-/eukaryotic DNA (A; blue), MANF (B; green), and TLR (C; red). The fluorescence patterns of the merge revealed a considerable though not exclusive co-localization of both proteins (D; yellow). In the extracted channels, the TLR signals appeared more abundant and well-distributed across the section than the ones of MANF. Fig. 3 E-H shows the close-up of a bacteriocyte and surrounding sponge cells within the mesohyl (the extracellular matrix between the cellular layers of the external pinacoderm and the internal choanoderm of the aquiferous system). Bacteriocytes are common in sponge tissue and contain different kinds of bacteria that might be symbiotic or food bacteria. The bacteriocyte comprises DAPI-stained nucleoids within bacterial cells that were individually smaller in size than the stained nuclei of the surrounding sponge cells (E). The cLSM micrographs show an intensive and speckled staining pattern of MANF mostly restricted to sponge cells close to the bacteriocyte, where also the most prominent co-localization of MANF and TLR was observed (H). Fig. 3 I-L shows a bacteriocyte in a different region of the mesohyl i. e., within the epithelioid choanoderm that forms a canal of the water flow system. Similar to the abovementioned observations, the staining intensity is markedly enhanced close to the bacteriocyte, where both proteins distinctly co-localize (L). The transmission electron micrographs (TEM) in Fig. 4 show a similar bacteriocyte close to a water canal within the mesohyl, containing ca. 70 sectioned bacterial cells (A), and a higher magnification of such an intracellular rod-shaped bacterial specimen (B). The laser scanning micrographs of Fig. 4 (C-E) represent the close-up of another example of a bacteriocyte, where immune fluorescent detection of MANF (green) revealed a massive colocalization with the DAPI-stained bacteria (blue).
Expression and localization of SDMANF in stably transfected cells
To assess the functional mechanisms of SDMANF, HEK-293 cells were stably transfected with a TC-tagged SDMANF vector construct. Such a heterologous vertebrate cell model had been previously employed to study the pro-proliferative and antiapoptotic role of poriferan survivin [31] . SDMANF expression was confirmed microscopically by applying the membrane-permeable FlAsH-EDT 2 that turns fluorescent upon binding to TC-tagged proteins (Fig. 5) . Whereas in both controls (non-transfected and mock transfected cells) only weak cellular background fluorescence was observed (Fig. 5 A, B) , SDMANFtransfected cells revealed an intensive fluorescent staining (Fig. 5 C) . In a complementary approach to confirm SDMANF expression, total proteins were extracted of the different cell lines, size-separated via SDS-PAGE, blotted, and probed for SDMANF. Thus, chromogenic immunodetection revealed a band on the blots at the expected size of ca. 24 kDa, exclusively in the total protein extract of SDMANFtransfected cells (Fig. 5D, lane c) but not in the protein extracts of the controls, i. e. wild type and mock transfected HEK cells (Fig. 5D , a/b respectively). Similarly, SDMANF was exclusively detected in the cell culture supernatants of SDMANF-transfected cells (Fig. 5E, c) but not in those of wild type and mock transfected HEK cells (Fig. 5E , a/b respectively). Concurrently, subcellular fractionated protein samples of SDMANF-transfected cells were assayed for SDMANF expression. This approach revealed again a band with a size of ca. 24 kDa in the organelle/membrane protein fraction (Fig. 5F, lane c) but not in the cytoskeletal (a), nuclear (b), or cytosolic fractions (d). Finally, to further assess the intracellular protein transport as a component of secretory pathways, SDMANF expression was analyzed in transfected cells that had been treated for 6 h with the Golgi/ER transport inhibitor BFA. The incubation with the stressor caused a markedly increased (i. e., 2.5-fold) intracellular level of SDMANF as compared to the untreated control (Fig. 5G) .
Expression of BAX and SDMANF in transfected cells upon LPS exposure
HEK cells were exposed to 0.1 or 1.0 µg/ml LPS for the indicated time (control cells had remained untreated for the same time) and, then, assayed for the presence of SDMANF and BAX. For this purpose, total proteins were size-separated, blotted, and probed with respective antibodies. As expected, all non-transfected, wild type samples (HEK Wt ) showed no SDMANF expression (Fig. 6A) . On the other hand, in the transfected samples (HEK SDMANF ) SDMANF detection was positively Immunodetection of SDMANF in sizeseparated and blotted total protein extracts of eight different S. domuncula specimens. As expected, recombinant SDMANF (rec), which had been applied as positive control, was detected at a higher molecular weight than native SDMANF due to the His-tag and other vector-specific aa (ca. 24 kDa). M, marker.
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Biochemistry and Biophysics Reports 11 (2017) [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] correlated with both increasing LPS concentration and incubation time as opposed to the non-challenged transfected samples, where SDMANF was detected at a stable basal level (Fig. 6B) . Thus, upon exposure to LPS for 6 h a ca. 3-fold (0.1 µg/ml LPS) and 6-fold (1 µg/ml) increased SDMANF level was calculated, and for 12 h an 11-fold (0.1 µg/ml LPS) and 18-fold (1 µg/ml) increase, compared to the respective untreated HEK SDMANF control (Fig. 6G) . Furthermore, in all HEK Wt samples BAX expression was enhanced 3-fold on the average upon LPS exposure in a time-and concentration-independent manner, as compared to the nonchallenged HEK Wt control with very low expression levels ( Fig. 6C and  G) . Conversely, in almost all HEK SDMANF samples, BAX expression was barely above the detection limit, independent whether they had been exposed to the endotoxin or not (Fig. 6D and G) . The housekeeping gene α-tubulin was used as loading control ( Fig. 6E and F) .
Viability and caspase activity of transfected cells upon LPS exposure
Transfected HEK cells were exposed to 1 µg/ml LPS for 12 h and then assayed for cell viability and caspase activity. To determine viability, cells were incubated with the cell-permeant and non-fluorescent peptide substrate GF-AFC that is cleaved by live-cell protease activity to generate a fluorescent signal. Subsequent quantitative fluorescence analyses revealed no significant differences between the untreated control samples (wild type, mock transfected, and SDMANFtransfected cells) (Fig. 7A) . However, incubation with the endotoxin reduced the viability of wild type and mock transfected cells by 40% and 34% respectively, whereas that of SDMANF-transfected cells was reduced by 11% (Fig. 7A) . Concurrently, to determine caspase-3 activity, cells were incubated with the cell-permeant and non-fluorescent peptide substrate NucView 488, which comprises a DEVD recognition sequence. In apoptotic cells, activated caspase-3 facilitates cleavage at the recognition sequence and, consequently, releases a green fluorescent cell stain. Comparative analysis of the resulting fluorescence signals revealed, again, no significant differences between the untreated control samples (Fig. 7B) . Conversely, LPS significantly induced in all samples caspase activity above the control levels. However, whereas in wild type and mock transfected cells the caspase activity increased by 42% and 46% respectively, SDMANF-transfected HEK cells demonstrated a considerably lower activity with 18% compared to the control (Fig. 7B) . In an alternative approach, caspase-3 activity was visualized in real-time with an automated cell imaging system. For this purpose the cells were exposed for up to 15 h to 1 µg/ml LPS. In addition to NucView 488 for detection of caspase-3 activity, PI was used to stain nuclei of dead cells/cells with compromised cell membranes and Hoechst 33342 for staining of all cells.
Comparable to the aforementioned quantitative approach, the untreated control samples (wild type and SDMANF-transfected cells) revealed almost no caspase-3 activity with very few green fluorescence signals, whose occurrence barely increased in time (Fig. 7C) . Concurrently, no significant red staining of dead cells/cells with compromised 
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cell membranes was detected by PI. On the other hand, LPS treatment elicited a considerably more pronounced green staining in the wild type, already after 6 h of exposure to the endotoxin, with a subsequent markedly increased fluorescence up to 15 h exposure time. In comparison, in SDMANF-transfected HEK cells the LPS treatment also upregulated caspase-3 activity, but barely above the background fluorescence, and it remained on a stable level during the 15 h of exposure. Moreover, in both wild type and SDMANF-transfected cell lines PI elicited only few fluorescence signals (Fig. 7C ).
Discussion
While expression of CDNF seems to be restricted to the vertebrate clade of Metazoa, data of several sequencing projects predict the presence of MANF homologs also in various invertebrate clades. However, analytical data of sequence and function of invertebrate MANF is only available for homologs of A. pisum (Armet) and D. melanogaster (DmMANF). Notably the studies of DmMANF indicate a certain functional conservation from Ecdysozoa to Vertebrata: DmMANF null mutants, which usually show a loss of dopaminergic neurites and die during larval stages, can be rescued by heterologous expression of human MANF [23, 24] . Furthermore, heterologous expression of DmMANF rescued murine neurons from toxin-induced apoptosis [24] . Whether MANF is also part of the genetic toolkit of the earliest branching metazoan phyla and whether the conservation of its function extends to these evolutionary ancient organisms had remained enigmatic so far, even doubtful in light of the lack of neuronal tissues in the phylum Porifera. In the present report, SDMANF was detected by screening a poriferan cDNA library via PCR using degenerate primers that were directed against a highly conserved region of MANF homologs. The deduced protein SDMANF shows a significant degree of sequence homology not only to DmMANF and Armet but also to the various (predicted) vertebrate MANF homologs. Thus, it displays characteristic features including (i) an N-terminal signal peptide for protein sorting (ER localization), (ii) the ARMET domain, (iii) eight highly conserved cysteine residues (with conserved spacing) that are greatly responsible for protein conformation, and (iv) a C-terminal variation of the ER retention signal KDEL. Whereas with few exceptions deuterostomian MANF homologs comprise an RTDL variant of this canonical sequence, ecdysozoan MANF homologs display a wider range of sequences with a consensus of [R,
]-E-L for Nematoda. The Cterminal putative signal sequence HVEL of sponges represents yet another variation. Interestingly, this very same variation of the KDEL motif has been described to be a functional ER retention signal in vertebrate cells [46, 47] .
The overall degree of sequence homology between SDMANF and MANF of vertebrates is higher than to MANF of invertebrates. Concurrently, phylogenetic analysis places the poriferan protein at the basis of a clade comprising well-supported deuterostomian lineages with robust bootstrap values, whereas ecdysozoan MANF sequences form a sister group. The seemingly closer relationship of poriferan sequences to deuterostomian than to ecdysozoan sequences has been observed earlier [26] . It likely reflects a comparatively rapid rate of gene evolution that, in turn, is facilitated by shorter generation times and larger population sizes of certain lineages, both of which are not uncommon within Ecdysozoa [26, 48] .
Previous NMR-coupled analyses revealed a structural homology between a small C-terminal part of MANF (within aa 126-171 of the full length human protein) and the C-terminal SAP domain of the Ku70 protein [21] . Interestingly, one role of the multifunctional Ku70 is that of an inhibitor of BAX [20, 49] : During lethal ER stress, BAX (a proapoptotic member of the Bcl-2 protein family) is activated and enhances membrane permeability of mitochondria and ER, thus providing a link between UPR and apoptosis [50] . However, upon binding of Ku70's SAP domain, BAX is kept in its inactive state. Similarly, MANF or only its SAP-like domain protected neuronal cells that had been challenged by stimuli of BAX-mediated apoptotic pathways [21] . In the present study, comparative sequence analysis between MANF homologs (including SDMANF) and Bcl-2 proteins of representative metazoan species revealed highly conserved amino acid residues within a region that was termed here MANF/Bcl-2 homology domain (MBHD). MBHD is located within the aforementioned Cterminal part of MANF (aa 132-158 of the full length human MANF) that structurally resembles the SAP domain. Furthermore, it also encompasses sequence similarities to Bcl-2 proteins, particularly within the conserved BH2 sequence motif that is present in most pro-and antiapoptotic Bcl-2 homologs. BH2 is functionally important for cell survival as well as for homo-and heterodimerization with Bax and other members of the Bcl-2 family [51, 52] . In this context, it is also important to note that (i) the interaction of Bax with other partners is promiscuous and not exclusive to members of the Bcl-2 family [53] and (ii) various BH2-bearing Bcl-2 homologs have been discovered in Suberites and other sponges, e. g. [54, 55] .
This fact lends further support to the notion that MANF homologs in general and SDMANF in particular partake in the dynamic process of competitive interactions involving Bcl-2 proteins, which ultimately decides over cell survival and death. Further experimental evidence is necessary to confirm this proposed protein interaction.
In addition to the C-terminal SAP-like domain, analysis of the crystal structure of human MANF revealed a second, N-terminal domain. This domain is structurally homologous to granulysin and NK-lysin, which are members of the conserved family of saposin-like proteins (SAPLIP) [56] . SAPLIPs are phylogenetically conserved proteins with versatile functions and are often involved in the innate immune response or apoptotic pathways. Thus, Granulysin and NKlysin are cytolytic effectors of the frontline antimicrobial defense that facilitate membrane permeabilization of a broad range of microorganisms (including intracellular bacteria and parasites) [57, 58] . Similarly involved in host defense mechanisms is the SAPLIP acyloxyacyl hydrolase, which catalyzes inactivation of bacterial LPS by deacylation [59] .
So far, very few functional approaches have suggested a putative role of MANF in antimicrobial mechanisms and immune pathways: Thus, pre-treatment of LPS-challenged murine neuronal stem cells or rat microglia with respectively recombinant MANF or CDNF reduced secretion of proinflammatory cytokines [60, 61] . Moreover, during activation of the immune response in Drosophila, an increased DmMANF expression was detected [62] . Besides, MANF expression was stimulated in Drosophila hemocytes (macrophage-like innate immune cells) and murine microglia upon light-induced retinal damage. Concurrently, both overexpression of MANF in hemocytes or injection of recombinant human MANF into the murine vitreous reduced retinal tissue degradation by apoptosis and promoted tissue regeneration in both model organisms, possibly via so far unknown immune modulatory pathways in innate immune cells [63] .
Whether MANF represents an effector molecule of the antimicrobial defense similar in function to the SAPLIPs granulysin and NK-lysin remains unknown so far. In any case, the present study of the poriferan homolog suggests an evolutionary conserved role of MANF that might be more expansive than previously thought. Hence, SDMANF colocalizes in sponge tissue with both bacteriocytes and the poriferan toll-like receptor SDTLR. Bacteriocytes are common in sponge tissue; in S. domuncula they are filled mostly with gram-negative bacteria [64] . These bacteria are often addressed as symbiotic, although such a specific interrelationship can not been generalized for all intracellular sponge-associated bacteria. For sponges as filter-feeders, bacteria are an important part of their diet. Thus, discrimination between bacterial symbionts on one hand and food bacteria or bacterial pathogens on the other hand might be possible either through (i) lack of recognition (e.g., because of masking host-derived products [65] ) or (ii) specific innate (immune) recognition processes by the sponge host, involving for instance TLRs. SDTLR is part of the poriferan innate immune response to bacterial challenges and expressed on the surface of sponge cells that are exposed to potential microbial invaders [33] . The co-localized expression of SDTLR and SDMANF in bacteriocytes of the present study suggests a common function of both molecules as part of innate bacterial recognition/response mechanisms. This is also supported by analyses of SDMANF-transfected HEK cells that had been challenged by LPS. These studies revealed a time-and concentration-dependent increased intracellular SDMANF level. Since the cell line had been generated by transfection with a vector construct, where SDMANF expression is constitutive and controlled by the CMV promoter/ enhancer, a transcriptional up-regulation of SDMANF seems unlikely. Because LPS triggers ER stress and UPR [66] , it is more likely that the intracellular SDMANF level is affected by downstream regulatory pathways of the ER stress response: For instance, LPS induces expression of the ER-resident chaperon ORP150 (150-kD oxygen-regulated protein) in murine macrophages. By binding of free calcium, ORP150 maintains Ca 2+ homeostasis similar in function to GRP78/BiP [67, 68] .
Accordingly, SDMANF might be protected from degradation through targeting downstream proteases that are activated by free calcium.
Moreover, LPS is known to induce BAX expression [69, 70] . During LPSinduced ER-stress, several transcription factors are activated (e. g., by release from the chaperone GRP78/BiP and translocation into the nucleus [66, 71, 72] ) and the expression of responsive genes such as BAX is regulated [73, 74] . Similarly, in the present study BAX was upregulated by the endotoxin in HEK Wt but not in HEK SDMANF , where BAX expression remained almost undetectable (with one enigmatic exception: BAX was markedly detected after incubation with 1 µg/ml LPS for 6 h). Thus, SDMANF might directly or indirectly block the LPStriggered activation of the aforementioned transcription factors and, consequently, BAX expression. Accordingly, during LPS-induced UPR SDMANF might not only regulate BAX activity by protein interaction via MBHD (see above), but it might also regulate BAX expression. If this holds true, then SDMANF would mediate access to apoptotic pathways. This hypothesis is also supported by the decreased caspase-3 activity and increased cell viability of HEK SDMANF cells upon LPS exposure (compared to LPS-challenged HEK Wt ). It is also corroborated by several recent studies, where (i) LPS induced expression and activity of caspase-3 [69, 70, 75] , (ii) incubation of challenged cells with recombinant MANF reduced caspase-3 activity, protected from Bax-mediated apoptosis, and improved cell viability [13, 21, 76] , and (iii) MANF promoted both activation of innate immune cells and survival of damaged retinal cells [63] . Finally, several results of the present approach indicate that the SDMANF-mediated access to apoptotic pathways is localized in the ER: Even though secreted SDMANF was found in the cell culture medium, most of the protein was detected in the organelle/membrane subcellular fraction. Moreover, treatment of HEK SDMANF with BFA increased the intracellular level of MANF. BFA is an inhibitor of ER to Golgi trafficking and blocks MANF secretion [19] . Since transcriptional up-regulation of SDMANF in transfected cells seems improbable (see above), the substantially increased intracellular level of the protein suggests that BFA similarly blocks translocation of SDMANF from ER to Golgi and subsequent secretion.
In conclusion, the discovery of SDMANF in the ancestral-like clade Porifera has demonstrated that MANF homologs are representatives of a particularly ancient class of neurotrophic factors, whose common ancestor emerged during the early evolution of Metazoa, but before the advent of complex neuronal signal networks. Analyses of sequence, localization, expression, and function of SDMANF suggest an ERresident protein with an evolutionary ancient functional role beyond that of conventional neurotrophic factors. This role is carried out upon bacterial challenges at the crossroads of innate immune and apoptotic pathways.
Data deposition
The Suberites domuncula mesencephalic astrocyte-derived neurotrophic factor (SDMANF) cDNA sequence has been deposited (EMBL accession number LT605074).
